In Xenopus and zebra®sh, BMP2, 4 and 7 have been implicated, after the onset of zygotic expression, in inducing and maintaining ventrolateral cell fate during early development. We provide evidence here that a maternally expressed bone morphogenetic protein (BMP), Radar, may control early ventral speci®cation in zebra®sh. We show that Radar ventralizes zebra®sh embryos and induces the early expression of bmp2b and bmp4. The analysis of Radar overexpression in both swirl/bmp2b mutants and embryos expressing truncated BMP receptors shows that Radar-induced ventralization is dependent on functional BMP2/4 pathways, and may initially rely on an Alk6-related signaling pathway. Finally, we show that while radar-injected swirl embryos still exhibit a strongly dorsalized phenotype, the overexpression of Radar into swirl/bmp2b mutant embryos restores ventral marker expression, including bmp4 expression. Our results suggest that a complex regulation of different BMP pathways controls dorso-ventral (DV) patterning from early cleavage stages until somitogenesis. q
Introduction
During early development, vertebrate embryos go through a ®rst phase leading to the establishment of polarity axes. In amphibians, the early dorso-ventral (DV) axis is characterized by a large ventro-lateral region and a smaller dorsal region, the organizer, initially established by maternal components. After the onset of zygotic transcription (mid-blastula transition; MBT) and during gastrulation, DV patterning is re®ned and relies on the interplay of ventralizing signals (BMP, Wnt) emitted by the ventrolateral area and their antagonists (Noggin, Chordin, Follistatin, secreted Frizzled and Dickkopf-1) emitted by the organizer (Harland and Gerhart, 1997; Niehrs, 1999; Thomsen, 1997 ).
BMP2, BMP4 and BMP7 are widely expressed during early Xenopus development (Hawley et al., 1995; Hemmati-Brivanlou and Thomsen, 1995; Nishimatsu and Thomsen, 1998) . Their overexpression causes a strong ventralization of embryos, characterized by the loss of dorsal structures (head, notochord) and the expansion of ventral structures (blood, epidermis; Clement et al., 1995; Dale et al., 1992; Schmidt et al., 1995) . Bone morphogenetic proteins (BMPs) signal through two types of receptors. Four type I receptors (Alk1, Alk2, Alk3 and Alk6) and three type II receptors (BMPRII, ActRII and ActRIIB) have been shown to transduce BMP signals (Massague Â, 1998 ). BMP4 and BMP2 are able to bind and activate Alk3 and Alk6 type I receptors in combination with BMPRII (ten Dijke et al., 1994) . In addition, BMP2, as well as BMP7, are able to bind Alk2 (Liu et al., 1995) . Upon BMP receptor activation, the intracellular mediators, Smad1 and Smad5, are translocated to the nucleus where they regulate the transcription of target genes (Kretzschmar et al., 1997; Tamaki et al., 1998) . In Xenopus, experimental inhibition of the BMP2/4/7 pathways by the expression of dominant-negative versions of the ligands, of their receptors (Alk3 and the BMPRII; Frisch and Wright, 1998; Graff et al., 1994;  Mechanisms of Development 99 (2000) 15±27 0925-4773/00/$ -see front matter q 2000 Elsevier Science Ireland Ltd. All rights reserved. PII: S 0925-4773(00)00470-6 www.elsevier.com/locate/modo Hawley et al., 1995; Suzuki et al., 1994) , or injection of Xbmp4 antisense RNA (Steinbeisser et al., 1995) leads to mesoderm dorsalization and to ectopic induction of neural tissue. These experiments show that BMPs are required for the proper development of ventral fates. Xvent and Xmsx1 genes, the expression of which are regulated by BMPs, are thought to mediate the BMP-induced inhibition of dorsal fates (Gawantka et al., 1995; Onichtchouk et al., 1996) . Their overexpression rescues the dorsalized phenotype induced by the inhibition of the BMP signaling pathways. In addition, antimorphic forms of XVent1, XVent2 or XMsx1 induce the ectopic expression of dorsally expressed genes, such as goosecoid and chordin (Friedle et al., 1998; Melby et al., 1999; Trindade et al., 1999; Yamamoto et al., 2000) .
Among BMP2, BMP4 and BMP7, studies have mainly focused on the activity of BMP4, more than likely because its expression is excluded from the dorsal side of the Xenopus embryo (Schmidt et al., 1995) . However, since BMP2 and BMP4 bind the same receptors and both are inhibited by dominant-negative forms of each other (Hawley et al., 1995) , their speci®c functions remain indistinguishable. Moreover, the overexpression of an activated form of the Alk2 receptor, which mainly transduces BMP2/7 signals, mimics the ventralizing activity of BMPs, suggesting that BMP2 and BMP7 are implicated in DV patterning, as BMP4 (Suzuki et al., 1997) .
In zebra®sh, the precise involvement of bmp2b and bmp7 has been de®ned through the analysis of loss-of-function mutations at the corresponding loci, swirl (swr) and snailhouse (snh). swr and snh homozygous mutant embryos display a strongly dorsalized phenotype with no differentiation of ventral tissues, including blood, pronephros, heart, epidermis and neural crest (Dick et al., 2000; Kishimoto et al., 1997; Schmid et al., 2000) . The detailed analysis of mutant embryos has further revealed that bmp2b and bmp7 are mainly required during gastrulation in a nonredundant fashion. In addition, embryos heterozygous for both swirl/bmp2b and snh/bmp7 loss-of-function alleles exhibit a dorsalized phenotype, showing that bmp2b and bmp7 interact genetically and that BMP2b and BMP7 might act through heterodimer formation. In addition, consistent with the fact that bmp2b and bmp7 are ®rst expressed soon after MBT, analysis of the progeny of the homozygous snh or swr female has shown that bmp2b and bmp7 are not required maternally (Dick et al., 2000; Kishimoto et al., 1997; Nikaido et al., 1997; Schmid et al., 2000) . A better understanding of DV patterning thus requires the characterization of the components that control bmp2b and bmp7 activities and expression.
We previously described radar (rdr) and dynamo (dyn), two members of the GDF subgroup of the BMP family which are thought to be the two zebra®sh orthologs of mouse gdf6/human CDMP2 genes (Bruneau and Rosa, 1997; Davidson et al., 1999; De Âlot et al., 1999; Rissi et al., 1995) . We show here that rdr is expressed maternally and, in contrast to dyn, displays a ventralizing activity. This activity is dependent on functional BMP signaling, since it is blocked in swirl/bmp2b mutants or in embryos expressing dominant-negative BMP receptors. We further show that Rdr induces bmp2b/4 expression in the zebra®sh blastula. In this process, the induction of bmp4 is partially blocked by a truncated version of the BMP receptor, Alk3, whereas the induction of bmp2b is blocked by a truncated version of the BMP receptor, Alk6, suggesting that different BMP signaling pathways may be implicated. In addition, our results suggest that a maternally provided GDF, Rdr, or a related protein, controls the early ventral speci®cation of the zebra®sh embryo. Finally, we show that overexpression of Rdr, although maintaining bmp4 expression in swr gastrulae, rescues only very partially the swr phenotype. Thus, our results show that bmp4 cannot compensate for the loss-offunction of bmp2b and permit to distinguish BMP2 and BMP4 functions during early zebra®sh embryogenesis.
Results

Rdr ventralizes zebra®sh embryos
We tested the potential activities of Rdr during zebra®sh development by an RNA-mediated overexpression strategy. Zebra®sh embryos were injected during the ®rst cell cycle with rdr or b -galactosidase (lacZ) mRNA as a control, and their phenotypes were analyzed at 24 h postfertilization (hpf). LacZ mRNA (100 pg) had no visible effect on development. In contrast, about two-thirds (64%, n 81) of the embryos injected with rdr mRNA (1 pg) displayed a ventralized phenotype. The least affected embryos exhibited a reduction of the head or an expansion of blood islands, whereas strongly ventralized embryos, in addition to the head defect, lacked a notochord, did not develop a chevron-shaped myotome, and exhibited somites which were fused in the midline below the neural tube (Fig. 1A±B) . Consistent with the ventralized phenotype, sonic hedgehog (shh), which is normally expressed in the ventral neural tube (Krauss et al., 1993) was absent in the head, and patchy in the ventral midline of the posterior CNS. In contrast, the expression of gata1, a marker for the blood islands (Detrich et al., 1995) , was clearly expanded (Fig. 1C±D) .
The Rdr-induced phenotype is reminiscent of the ventralizing activities of BMP2/4 (Clement et al., 1995; Dale et al., 1992; Kishimoto et al., 1997; Neave et al., 1997) . To directly compare the effects of Rdr and BMP2/4 overexpression, we injected increasing amounts of rdr, bmp2b, or dyn RNA as a control, into zebra®sh embryos. dyn and rdr are likely to be the two orthologs of the mammalian gdf6 gene (Bruneau and Rosa, 1997; Davidson et al., 1999) . Both Rdr and Dyn are ef®ciently synthesized, processed and secreted (Bruneau, Peyrie Âras and Rosa, unpublished) . Rdr and BMP2b induced similar ventralized phenotypes at low doses (Table 1) . However, whereas increasing the dose of bmp2b mRNA resulted in completely radialized embryos with no recognizable embryonic axis, higher doses of rdr mRNA disrupted gastrulation movements (Table 1 and data not shown). Injection of dyn RNA, even at very high doses, did not interfere with normal development (Table 1) , unambiguously demonstrating that the ventralizing activity of Rdr was speci®c.
The ventralization induced by Rdr occurs during gastrulation
In zebra®sh and Xenopus, BMP2/4 are thought to induce ventralization of the embryo during gastrulation (Jones et al., 1996; Neave et al., 1997) . To determine when and how Rdr acts, we analyzed, by in situ hybridization, the expression of dorsal and ventral markers in injected and control zebra®sh gastrulae.
At the onset of gastrulation (shield stage), the expression of dorsal markers was detectable, but already affected. The expression of the organizer marker, goosecoid (gsc; Stachel et al., 1993) , was reduced (78%) or absent (22%; n 14) in rdr-injected embryos compared with controls (Fig. 1E±G) . Similar results were obtained with another dorsal marker, chordin (not shown; Miller-Bertoglio et al., 1997) . In contrast, ventral markers were expressed dorsally in injected embryos. tbx6 is normally expressed in marginal cells, but excluded from the dorsal side (Hug et al., 1997) . Its expression was expanded dorsally (67%) or completely radialized (33%; n 30) in rdr-injected embryos (Fig. 1H±J) .
At the end of gastrulation, Rdr-induced ventralization was evident by the narrowing (40%; n 20) or absence (60%) of the notochord, a dorsal mesoderm derivative (Schulte-Merker et al., 1992 ; see Ntl staining, Fig. 1K±  M) . In addition, myoD, which normally labels two rows of adaxial mesodermal cells¯anking the notochord, was expressed in the midline in a signi®cant proportion of rdrinjected embryos (data not shown; Weinberg et al., 1996) . We also observed a two-fold reduction in the number of gscexpressing embryos between the onset (shield stage) and the end of gastrulation ( Table 2) , showing that Rdr inhibits the maintenance of gsc expression during gastrulation.
We conclude that, similar to what has been described for BMP2/4 (Jones et al., 1996; Neave et al., 1997) , Rdrmediated ventralization mainly occurs during gastrulation. b Ventralized phenotypes include V1±V5 embryos injected with bmp2b and V1±V4 embryos injected with radar.
c Non-speci®c phenotypes. 
rdr is expressed during cleavage stages
These results suggest that rdr or a related gene may be implicated during the early steps controlling DV patterning of the zebra®sh embryo. In a previous work, we (Rissi et al., 1995) reported that rdr expression could ®rst be detected at the end of gastrulation. Since, this result was not compatible with an effect of Rdr on early development, we have reinvestigated the early rdr expression. By in situ hybridization, a ubiquitous expression of rdr was detected from early cleavage until blastula stages (sphere stage; Fig. 2A±C ). At later stages, rdr was no longer detected until the end of gastrulation, at which point, its expression resumed in two rows of cells¯anking the neural plate (Fig. 2D±E) . We have used shh as a negative control, since it is not expressed until the onset of gastrulation (Fig. 2F±J ).
Maternal rdr expression was con®rmed by semi-quantitative reverse-transcription of zebra®sh embryo RNA, followed by a polymerase chain reaction with speci®c primers (RT-PCR). As shown in Fig. 2K , rdr mRNA was detected in cleavage stage embryos (128-cell stage), as well as in blastulae (sphere stage), and became barely detectable until the end of gastrulation (tailbud stage). By contrast, hgg1 expression was initiated after the onset of zygotic transcription (sphere stage) and increased steadily during gastrulation. From these results, we conclude that rdr is ®rst expressed as a maternal RNA in the zebra®sh embryo. This maternal expression is consistent with a function of Rdr before the completion of gastrulation.
The high similarity of the ventralization induced by Rdr and BMP2/4 suggests that Rdr exerts its ventralizing effect via the BMP2/4 pathways. Rdr could act upstream of BMP2/4. Alternatively, Rdr could directly activate the BMP2/4 transduction pathways. Finally, Rdr could act downstream of, or parallel to, the BMP2/4 pathways. To test several of these hypotheses, we carried out a series of experiments.
Rdr acts upstream of bmp2b and bmp4 by inducing their expression
In contrast to rdr, bmp2b and bmp4 are exclusively expressed zygotically. The expression of bmp2b is initiated soon after MBT, whereas bmp4 expression is ®rst detected at a later stage, just before the onset of gastrulation (Nikaido et al., 1997) . The fact that rdr expression precedes bmp2b and bmp4 expression suggests that Rdr could act upstream of BMP2/4 in the ventralization process. Rdr could regulate either bmp2/4 expression or their activity. We tested, as the most straightforward possibility, the capacity of Rdr to a n, Number of injected embryos. Fig. 2 . Expression of rdr during early embryogenesis. (A±J) Early zebra®sh embryos, ®xed at the indicated stages, were processed for whole-mount in situ hybridization with the probes indicated on the left. (A±C) rdr mRNA was ®rst detected from early cleavage to late blastula stages; whereas (F±J), shh mRNA was not detected prior to MBT. After MBT, rdr mRNA became progressively undetectable until the end of gastrulation (D±E). (A±D) and (F±H), side view, animal to the top; (D), dorsal is to the right; (E) and (I±J), dorsal view; (E,J), anterior is to the top. (K) The total RNA from 128-cell, sphere, shield and tailbud stage embryos was extracted and processed for semi-quantitative RT-PCR using primers for rdr, hgg1 and ef1a as a loading control. rdr transcripts were detected before the MBT in samples from 128-cell stage embryos, in mid-blastulae samples and at the end of gastrulation. The weak signal detected in shield stage sample probably corresponds to residual maternal transcripts, stored in the yolk compartment. In contrast, hgg1 transcripts were not detected before MBT and increased steadily during gastrulation. 2RT, RNA from 128-cell stage embryos treated without reverse transcriptase.
induce or enhance the expression of bmp2/4. The overexpression of Rdr induced a premature expression of bmp4 in mid-blastulae (Fig. 3A,E ) and an expansion of the bmp4 expression domain in shield stage embryos (Fig. 3B,F ). Embryos injected with rdr mRNA also exhibited an enhanced expression of bmp2b at early blastula stages (Fig. 4A,B) . However, the enhancement of bmp2b expression was transient, since bmp2b expression was only moderately affected in rdr-injected early gastrulae (data not shown). bmp4 was also able to transiently enhance bmp2b expression in early embryos, although higher concentrations of RNA (20 pg) were required to achieve the same effect as rdr (Fig. 4C) . We conclude from these experiments that Rdr acts upstream of bmp2b and bmp4, primarily by inducing their expression in the early embryo. While these results do not exclude that Rdr could regulate the activity of BMP2 and BMP4 or directly activate the BMP2/4 signaling pathways, the up-regulation of bmp2/4 expression is, in itself, suf®-cient to explain the ventralizing activity of Rdr.
2.5. The truncated BMP receptors, Alk6tr and Alk3tr, interfere with Rdr activity at different levels Since Rdr is structurally related to BMP2/4, it might ventralize the embryo by binding to the same receptors, and thus, activate the same transduction pathway(s). To test this hypothesis, we attempted to interfere with Rdr activity using truncated versions of type I BMP receptor, Alk3tr and Alk6tr, which are known to block the BMP2/4 signaling pathways (Graff et al., 1994; Suzuki et al., 1994; Zou et al., 1997) .
As expected and consistent with previous reports Neave et al., 1997; Nikaido et al., 1999a) , injections of either Alk3tr or Alk6tr RNA alone led to a strong dorsalization of the embryo at the end of gastrulation (data not shown). Furthermore, coinjection of alk3tr with bmp4 strongly inhibited the BMP4-induced up-regulation of bmp2b expression (Fig. 4C,F) . These results show that Alk3tr and Alk6tr inhibit the BMP2/4 signaling pathways in zebra®sh embryos.
We then coinjected rdr RNA with alk3tr or alk6tr RNAs into zebra®sh embryos and analyzed the phenotypes of injected embryos at 24 hpf. Embryos expressing both Alk3tr and Rdr, or Alk6tr and Rdr, exhibited a strongly dorsalized phenotype, indistinguishable from the phenotype induced by Alk3tr or Alk6tr alone (not shown). These results demonstrate that Rdr-induced ventralization relies on functional BMP2/4 signaling pathways.
To further characterize the effect of truncated forms of BMP receptors on Rdr activity, we tested whether they could inhibit the earliest effect of Rdr overexpression, i.e. the up-regulation of bmp2b and bmp4 expression. Upon Alk3tr overexpression, bmp2b and bmp4 behaved differently. Alk3tr had no effect on the induction of bmp2b expression by Rdr (Fig. 4B,E) or on the normal expression of bmp2b, suggesting that neither of these processes are dependent on Alk3 signaling in vivo (Fig. 4A,D) . On the contrary, the overexpression of Alk3tr partially blocked the Rdr-mediated induction of bmp4 expression in late blastulae, as well as in early gastrula (shield stage) (Fig. 3G,H) . In addition, the overexpression of Alk3tr alone inhibited bmp4 expression in shield stage embryos (Fig. 3D ). These results demonstrate that Alk3 signaling is essential for normal and Rdr-induced bmp4 expression. Other studies have suggested that XBMP4 regulates its own expression (Jones et al., Fig. 3 . The up-regulation of bmp4 by Rdr requires Alk3-dependent and Alk3-independent signaling pathways. bmp4 expression was detected in late blastula (sphere) or early gastrula (shield) stage embryos injected during the ®rst cell cycle with rdr (1 pg) or alk3tr (100 pg), or both mRNA as indicated. In late blastulae, bmp4 was: (A,E), prematurely expressed in rdr-injected embryos; and (B,F) up-regulated at the onset of gastrulation. (D,G,H) Alk3tr blocked the endogenous and partially the Rdrinduced bmp4 expression. Side view, animal is to the top; (B,D,F), dorsal is to the right. 1992; Metz et al., 1998) . Moreover, the analysis of swirl/ bmp2b mutant zebra®sh embryos have shown that bmp2b is required for normal bmp4 expression. Either observation might explain our results. We thus conclude that Rdr exerts part of its activity through a receptor other than Alk3.
In contrast to Alk3tr, Alk6tr ef®ciently blocked the upregulation of bmp2b early expression by Rdr (Fig. 4H) . This result suggests that Rdr acts through an Alk6-related signaling pathway. However, we observed that Alk6tr alone did not affect the endogenous bmp2b expression before gastrulation (Fig. 4G) . In our opinion, this may re¯ect the inherent dif®culty to interfere with the activity of maternal components by injection of dominant-negative molecules, as revealed by the observation that the RNA-mediated overexpression of the dominant-negative form of Smad5, encoded by the mutant allele, sbn tc24 , into wild-type embryos leads to a weaker dorsalized phenotype than the dominant phenotype observed in the progeny of heterozygous sbn tc24 females (Goutel and Rosa, unpublished results; Hild et al., 1999) . Alternatively, several redundant pathways (and may be, the recently described, but as yet, uncharacterized type I receptor, Alk8 (Yelick et al., 1998) ) may be involved in the regulation of bmp2b early expression.
Does Rdr activity depend on a functional bmp2b gene?
We have shown that Rdr is able to up-regulate bmp2b and bmp4 expression, and that Rdr-induced ventralization was dependent on the BMP2/4 signaling pathways. In an attempt to understand the contribution of individual bmp genes in Rdr-induced ventralization, we overexpressed Rdr in swirl/ bmp2b zebra®sh mutants.
We ®rst analyzed the effects of Rdr on the phenotype of live embryos. At the end of gastrulation, swr mutants displayed a characteristic ovoid-shaped form, resulting from the radialization of dorsal±lateral structures (Fig.  5A,B) . During somitogenesis, most homozygous swr mutant embryos died. The few survivors exhibited a strong phenotype, with no recognizable axis ( Fig. 5E,F ; Mullins et al., 1996) . Homozygous swr mutant embryos can be fully rescued by either BMP2 or BMP4 expression, giving rise to larvae with a wild-type phenotype, which can further reach adulthood and are fertile (Kishimoto et al., 1997; Nguyen et al., 1998) . In contrast, rdr-injected swr mutants still exhibited a strongly dorsalized phenotype at the end of gastrulation and 24 hpf ( Fig. 5D,G ; Table 3 ). We thus conclude that Rdr could not ef®ciently rescue swirl/bmp2b mutants. This result shows that Rdr requires bmp2b, and thus, acts upstream of or parallel to bmp2b in the ventralization process.
Although rdr-injected swr embryos exhibited a strongly dorsalized phenotype, they were slightly improved. In contrast to swr control embryos, most Rdr expressing swr embryos developed until 24 hpf. Their phenotypes ranged from a C5 strongly dorsalized phenotype exhibited normally by swr mutants (Fig. 5F ) to a weaker C4 phenotype, in which the neural tube and the anterior somites were not radialized, two eyes were apparent and the trunk axis was twisted (Fig. 5G) . In addition, blood cells were present in all rdr-injected swirl embryos, including the most strongly dorsalized (C5) ones (data not shown).
We also examined, by in situ hybridization, the expression of ventral markers in rdr-injected and control swr embryos. bmp2b is required during gastrulation for its own ventral expression and that of bmp4 Kishimoto et al., 1997; Nguyen et al., 1998) . We found that bmp2b and bmp4 expression patterns were not similarly affected in swirl/bmp2b mutant embryos. In early gastrulae, while bmp2b expression was not affected in swr embryos, bmp4 expression was already markedly reduced (Figs. 6D,E and 7A,B) . Upon Rdr overexpression, bmp4 was prematurely induced in swr embryos (100%; n 12; Fig. 6B ,C) and its expression was restored at the onset of gastrulation (100%; n 22; Fig. 6F ), in some cases extending to the dorsal side (data not shown). Furthermore, bmp4 expression was maintained until the end of gastrulation (80%; n 15; Fig. 6I ). In contrast, Rdr overexpression did not prevent the down regulation of bmp2b expression in swr homozygous embryos during gastrulation (Fig. 7D±F) . The difference in behavior between bmp2b and bmp4 strongly suggests that the pathways regulating bmp2b and bmp4 expression maintenance during gastrulation are not identical in vivo.
We also checked the expression of gata1 and pax2.1, which are normally expressed during somitogenesis in blood islands and pronephros, respectively ( Fig. 8A,D ; Detrich et al., 1995; Krauss et al., 1991) . As previously reported, neither marker was expressed in homozygous swr mutants (Fig. 8B,E) . Injection of rdr mRNA unambiguously restored the ventral expression of these two genes in all (n 30) swr-injected embryos (Fig. 8C,F) . Taken together, these results show that Rdr is able to partially rescue ventral mesoderm formation in swr mutants. In addition, the maintenance of bmp4 expression in swr embryos upon Rdr overexpression strongly suggests that Rdr-induced ventral mesoderm rescue is mediated by BMP4.
Discussion
Mechanism of Rdr-induced ventralization
We show here that Rdr overexpression ventralizes wildtype zebra®sh embryos, inducing phenotypes similar to those induced by BMP2 and BMP4. This effect is speci®c since it is not observed upon injections, even at concentrations 20-times higher, of lacZ RNA, or dyn RNA which encodes a protein highly related to Rdr (Bruneau and Rosa, 1997) . However, at high concentrations, Rdr overexpression disrupts gastrulation movements. We do not know whether this latter effect has any biological relevance, but we suspect that it may be artifactual and may stem from the particular sensitivity of the zebra®sh gastrula. Interestingly, in Xenopus laevis embryos, which are less prone to gastrulation problems, Rdr overexpression led to a complete ventralization (our unpublished observations).
Analysis of regional markers of the zebra®sh gastrula showed that Rdr-induced ventralization occurs during zebra®sh gastrulation. These results demonstrate that Rdr disrupts the early processes controlling DV patterning. Given the high similarity between Rdr and BMP2/4 overexpression effects (Clement et al., 1995; Jones et al., 1996; Neave et al., 1997) , we have studied the relationship between Rdr activity and the BMP2/4 pathways. Two major hypotheses could account for the action of Rdr. First, Rdr could interact with the BMP2/4 signaling pathways, either by activating them directly or by acting Fig. 6 . Rdr overexpression rescues bmp4 expression in swr homozygous embryos. Swr homozygous embryos (from a cross between swr ta72 homozygous adult ®sh) injected during the ®rst cell cycle with rdr (1 pg) or untreated as indicated, or wild-type untreated embryos were ®xed at the: (A±C), late blastula; (D±F), early gastrula; or (G±I), late gastrula stage and processed for in situ hybridization with a bmp4 probe. (A±C), Rdr overexpression induced a premature expression of bmp4 into swr homozygous mutant embryos. (D±F), bmp4 expression was down regulated in swr homozygous early gastrulae, but enhanced by rdr overexpression, leading to a pattern similar to wild-type uninjected embryos. G±I, At the end of gastrulation, bmp4 expression was maintained on the ventral side (empty arrowheads) of wild-type embryos and swr-injected embryos, whereas it was down regulated in swr homozygous untreated embryos. Side view. (D±I) dorsal to the right; (A±F), animal is to the top; (G±I), anterior is to the top.
upstream of BMP2/4. Second, Rdr could act independently of the BMP2/4 pathways, either in parallel or downstream.
Considering the second hypothesis, we can easily rule out the idea that Rdr acts only in parallel to or downstream of BMP2, since Rdr overexpression is neither able to ventralize nor rescue the overall dorsalized phenotype of swirl/ bmp2b mutant embryos. One possible caveat lies in the possibility that the injected rdr mRNA or the derived Rdr protein is not stable enough to be active during the late stages which require bmp2b function. While we cannot homozygous adult ®sh) injected during the ®rst cell cycle with rdr (1 pg) or untreated as indicated, and wild-type untreated embryos were ®xed in: (A±C), early gastrula; and (D±F), late gastrula stage embryos, and processed for in situ hybridization with a bmp2b probe. (A±C), bmp2b expression was normal in swr homozygous early gastrulae, but not maintained at the end of gastrulation, even in the presence of Rdr (compare D, E and F). Note, however, the tiny domain of expression in the non-neural ectoderm anterior to the prospective head (arrowhead in F). Side view, dorsal to the right. (A±C), animal is to the top; (D±F), anterior is to the top. Fig. 8 . Rdr overexpression rescues the expression of markers of ventral tissues in swr homozygous embryos. Wild-type (left column) or swr homozygous embryos were injected during the ®rst cell cycle with rdr (1pg) or uninjected as indicated, ®xed during early somitogenesis (5-somite stage) and processed for in situ hybridization with: (A±C), gata1; and (D-F), pax2.1 probes. (B,E), gata1 and pax2.1 posterior pronephros expression were not detectable in control swr homozygous embryos, but were induced by Rdr overexpression (arrowhead in C and F). Anterior is to the left, dorsal to the top. Side view, anterior is to the left, dorsal to the right. completely exclude this possibility, overexpression of Rdr after the MBT does not lead to a strong ventralization of the zebra®sh embryo, thereby arguing against this latter hypothesis (De Âlot et al., 1999) . We thus conclude that Rdr acts upstream of bmp2b. However, Rdr is able to partially rescue the loss of ventral structures in swirl/bmp2b mutant embryos. This result shows that part of the Rdr ventralizing activity is not dependent on bmp2b. Since Rdr restores bmp4 expression in swirl/bmp2b, it is possible that BMP4 mediates the Rdr-induced rescue of ventral structures in swirl/bmp2b mutant embryos. Several of our results are consistent with this idea and with the ®rst hypothesis, i.e. that Rdr-mediated ventralization depends on the BMP2/4 pathways.
First, we have shown that Rdr overexpression up-regulates bmp2b expression and induces premature bmp4 expression. Second, to further implicate the BMP2/4 transduction pathways in the Rdr ventralizing activity, we have tested the following prediction. If BMP2 and/or BMP4 mediate the Rdr-induced ventralization, we would expect such a ventralization to be blocked by blocking the BMP2/4 signaling pathways. Indeed, expression of Alk3tr led to the production of dorsalized embryos, even in the presence of ventralizing doses of rdr mRNA. In agreement with this result, the BMP antagonist, Noggin, blocked the ventralizing effect of Rdr (our unpublished data). Altogether, these results implicate BMP2/4 and their transduction pathways in the mediation of the Rdr ventralizing activity.
Experiments carried out in swirl/bmp2b mutants have shown that the main part of the Rdr ventralizing activity is dependent on bmp2b. Nevertheless, we cannot exclude that Rdr, which is structurally related to BMP2 and BMP4, might initially act through Bmp2/4 receptors. To test this idea, we have considered the induction of bmp2b and bmp4 as an early response to Rdr. If Rdr-induced expression of bmp2/4 relies on known BMP receptors, dominant-negative forms of these receptors should inhibit Rdr activity. Indeed, Alk6tr ef®ciently blocked the up-regulation of bmp2b by Rdr. Conversely, Alk3tr did not interfere with the Rdr-mediated induction of bmp2b. These results argue that Rdr acts through an Alk6-related signaling pathway, which is consistent with the ability of Alk6 to transduce CDMP1/GDF5 signals in mammalian cells (Erlacher et al., 1998; Nishitoh et al., 1996) . In zebra®sh, the early expression of alk6 has not been precisely described, precluding the implication of Alk6 itself in the Rdr-activated pathway (Nikaido et al., 1999b) . In addition, whether this pathway is used to control DV patterning in vivo will require the isolation of speci®c mutations within the corresponding genes. Nevertheless, while we cannot strictly exclude that Rdr up-regulates bmp2b and bmp4 expression by directly stimulating the BMP2/4 signaling pathways, the fact that Rdr activity is speci®cally blocked by Alk6tr, but not by Alk3tr is strongly in favor of the existence of two different BMP-related signaling pathways controlling early DV patterning. Furthermore, our results are consistent with the maternal expression of rdr, which precedes the zygotic expression of bmp2b and bmp4. They suggest that Rdr acts upstream of Bmp2/4 during D/V patterning, in vivo.
Maternal signals controlling DV patterning
Altogether, our results raise the issue of the early ventral speci®cation in zebra®sh. Large scale mutant production has led to the identi®cation of two dorsalizing mutations, sbn and pgy, which exhibit a maternal effect (Mullins et al., 1996) . The molecular identity of pgy has not yet been determined. sbn encodes a transducer of the BMP2/4 pathways, the Smad5 protein. It is not clear whether smad5 is strictly required as a maternal transcript (Hild et al., 1999) , but its early expression and the phenotype of sbn tc24 mutants are consistent with the hypothesis that an early BMP signal is required during the establishment of the early DV polarity. In addition, the fact that the expression of bmp2b is initiated soon after MBT in a broad domain excluding the dorsal side (Nikaido et al., 1997) supports the idea that bmp2b transcription is under the control of maternal components. As suggested by the activity of Rdr, the induction of bmp2b transcription might rely on cell to cell interactions involving Rdr-related secreted factors. Alternatively, it might be a cell autonomous process. While it is not possible at this stage to decide between these two possibilities, the activity of Rdr and its maternal expression are strongly in favor of the existence of maternally secreted ventralizing signals.
In Xenopus, the nature of the maternal information required for ventral tissue formation remains controversial. The mesoderm inducer, Activin, is much less ef®cient at inducing early ventral mesodermal markers when cell contacts are inhibited by dispersion, suggesting that cell interactions are required (Green et al., 1994) . Moreover, while animal pole cells from UV-ventralized Xenopus embryos cannot form a dorsal mesoderm when treated with Activin, the dispersion of cap cells prior to Activin treatment enables the induction of dorsal mesoderm, further suggesting that a secreted ventralizing factor is present in the animal pole (Green et al., 1994) . Finally, the requirement for a maternally secreted ventralizing factor has been suggested for the ventral expression of the Xom transcription factor, which is initiated soon after MBT, relies on cell to cell signaling and is inhibited by a truncated version of the Alk3 receptor (Ladher et al., 1996) . In Xenopus, both Xbmp2 and, to a much lesser extent, Xbmp4, are expressed as maternal mRNA, and thus, may represent this secreted maternal factor (Clement et al., 1995; Dale et al., 1992) .
In conclusion, although the presence of a maternal ventralizing activity needs to be further demonstrated in zebra®sh, as well as in Xenopus, several arguments support the idea that the early ventral speci®cation of lower vertebrate embryos may involve a signal relying on a BMP-related protein, potentially Rdr.
A BMP network regulates the DV patterning of the zebra®sh embryo
In Xenopus, the lack of availability of mutations precludes the analysis of the regulation and the speci®c functions of BMP2 and BMP4 during development. Our own results suggest that two independent pathways regulate early bmp4 expression. Furthermore, they reveal fundamental differences in the functions and transcriptional regulation of bmp2b and bmp4 during gastrulation.
First, we have shown that ectopic Rdr expression is able to induce bmp4 in the absence of bmp2b. In addition, Rdrmediated bmp4 induction in wild-type embryos was only partially blocked by a truncated version of the BMP receptor, Alk3, demonstrating that it results from the combination of two different pathways, one involving Alk3-related signaling, and one being independent of Alk3-related signals and potentially involving Alk6-related signals. The Alk3-independent pathway is likely to be similar to the one mediating bmp2b up-regulation. The Alk3 dependent pathway may result from the activation of the BMP2b signaling pathway, since BMP4 can induce its own expression in Xenopus laevis gastrulae (Jones et al., 1992; Metz et al., 1998) . Altogether, these results suggest that two different BMP signaling pathways are implicated in the regulation of early bmp4 expression. Our conclusion is consistent with the observation that bmp4 expression is not affected in swirl/ bmp2b late blastulae (Nguyen et al., 1998) .
Our results also shed light on fundamental differences between the expression and the activities of bmp2b and bmp4 during gastrulation in zebra®sh. First, we have shown that bmp4 expression is affected earlier than bmp2b in early bmp2b/swirl gastrulae. Second, our results indicate that if bmp4 expression is initiated correctly at the onset of gastrulation, it does not require bmp2b for its maintenance. In contrast, according to previous reports, we have con®rmed that bmp2b is strictly required for its own expression during gastrulation (Kishimoto et al., 1997) . Lastly, in contrast with the ability of injected bmp4 to rescue and even ventralize swirl/bmp2b embryos, we have shown that the Rdr-mediated rescue of bmp4 expression in swirl/bmp2b mutants does not lead to an ef®cient rescue of the overall mutant phenotype Kishimoto et al., 1997; Nguyen et al., 1998) . This result clearly implies that endogenous BMP4 is not suf®cient to establish the full spectrum of DV derivatives during normal development and that BMP2 and BMP4 achieve different functions during the establishment of the DV axis in zebra®sh, as in the case of mouse development (Winnier et al., 1995; Zhang and Bradley, 1996) . As suggested by the Rdr-mediated rescue of the most ventral structures (pronephros and blood), BMP4 might be involved in maintenance of the most ventral tissues, while BMP2b would be implicated in the early speci®cation of all ventro-lateral derivatives. Consistent with our proposal that BMP2b and BMP4 display different activities, it has been recently shown that smad1 expression is differentially regulated by BMP2b and BMP4 .
It has been proposed that DV patterning is a multi-step process implicating the regulation of BMP expression, activities and signaling pathways (Hild et al., 1999) . Our work provides new arguments which strengthen this idea. Our results suggest that the establishment of DV polarity may involve maternal GDF signals. In addition, they implicate different BMP/GDF signaling pathways during DV patterning of the zebra®sh embryo.
Experimental procedures
Fish
All experiments were done with the wild-type AB* strain and the sw ta72 null allele. Swr ta72 homozygous adults were obtained as described (Kishimoto et al., 1997) .
RNA injection
The complete coding sequences of rdr (De Âlot et al., 1999) , bmp2b and bmp4 (Nikaido et al., 1997) were subcloned into the plasmids, pRN3 (Lemaire et al., 1995) and pSP64T, respectively. Synthetic mRNAs were transcribed with SP6 or T3 polymerase from these linearized plasmids, the pSP64TD BMPR plasmid (Suzuki et al., 1994) and the pzDN-BMPRIB plasmid (Nikaido et al., 1999b) . Then, they were injected into 1±2 cell stage embryos.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed through a protocol modi®ed from Hauptmann and Gerster (Hauptmann and Gerster, 1994) . Brie¯y, after the probe washing steps, the embryos were incubated for 1 h in 5% serum, 5% blocking reagent (Roche), 0.1% Tween, 100 mM maleic acid and 150 mM NaCl (pH 7.5). Preabsorbed antidigoxigenin antibody was diluted (1:4000) in blocking solution and the immunoreaction was carried out for 2 h at room temperature. Six washes, of 20 min each, with 100 mM acid maleic, 150 mM NaCl and 0.1% Tween (pH 7.5) were performed, followed by two washes, of 5 min each, in staining solution (100 mM Tris±HCl (pH 9.5), 100 mM NaCl, 50 mM MgCl 2 , 0.1% Tween and 1 mM levamisol). Staining was performed at room temperature in the BM purple substrate (Roche) for up to 48 h.
The RNA probe was: zac15 for rdr (Rissi et al., 1995) , goosecoid (Thisse et al., 1994) , tbx6 (Hug et al., 1997) , bmp2b and bmp4 (Nikaido et al., 1997) , sonic hedgehog (Krauss et al., 1993 ), gata1 (Detrich et al., 1995 and pax2.1 (Krauss et al., 1991) . Notail immunostaining was performed with an anti-Ntl rabbit polyclonal antiserum as described (Schulte-Merker et al., 1992) .
Semi-quantitative RT-PCR
RNA from 20±100 zebra®sh embryos was extracted as described (Chomczynski and Sacchi, 1987) . First strand cDNA was synthesized with Superscript II Reverse Transcriptase (Gibco BRL) according the manufacturers' instructions. Subsequently, 1/50 of the reaction was used for PCR. All ampli®cations were carried out with an annealing temperature of 568C. PCR products were loaded on ethidium bromide-pretreated agarose gel. The number of cycles required to be in the exponential range (indicated in brackets) was determined for each pair of primers in preliminary experiments. The oligonucleotide primers used are described in Table 4 . Nordnes et al. (1994) .
